###### Significance Statement

Positive allosteric modulation of muscarinic receptors is strongly argued to be a novel way of treating a number of disorders of the human CNS, including schizophrenia. Here we report the development of a novel methodology that allows the positive allosteric modulation of the muscarinic M1 receptor to be quantified in human CNS, in particular in regions of the CNS that have complex structures such as the hippocampus. This methodology has been used to show, for the first time to our knowledge, that the response to the muscarinic M1 receptor positive allosteric modulator is less in a subgroup of participants with schizophrenia. This finding may explain why some individuals with schizophrenia may not respond to such treatments.

Introduction {#s1}
============

There is a growing body of evidence that includes data from neuroimaging, postmortem CNS, and preclinical pharmacology suggesting that there is a role for the muscarinic M1 receptor (CHRM1) in the pathophysiology and treatment of schizophrenia ([@CIT0040]; [@CIT0019]). Center to this hypothesis was evidence to suggest there were lower levels of CHRM1s in many CNS regions in participants with the disorder ([@CIT0039]) and that levels of CHRM1 in the dorsolateral prefrontal cortex were inversely related to cognitive ability and correlated with the severity of negative symptoms ([@CIT0003]). Notably, soon after the demonstration of lower levels of CHRM1 in the CNS from participants with schizophrenia, it was suggested that activating the CHRM1 could prove to have therapeutic benefits for those with the disorder ([@CIT0017]; [@CIT0008]). This hypothesis gained support from a study showing the drug xanomeline, a CHRM1 and CHRM4 agonist, improved cognitive deficits and the severity of positive and negative symptoms in participants with schizophrenia ([@CIT0051]). The usefulness of xanomeline as a new treatment for schizophrenia is limited because of severe gastric side effects that are suggested to be due to the agonist activity of the drug at the peripheral CHRM1 ([@CIT0001]). However, a new formulation including xanomeline and a peripheral CHRM antagonist, trospium, appears to have the therapeutic potential of xanomeline without the peripheral side effects ([@CIT0035]). This advantageous outcome is likely due to trospium being unable to cross the blood-brain barrier ([@CIT0005]) and therefore being able to selectively act to antagonize the CHRM1 in the periphery to block the unwanted agonists effects of xanomeline at that receptor ([@CIT0023]). Notably, there is currently a phase II trial determining the efficacy, safety, and tolerability of KarXT (xanomeline + trospium; Karuna Pharmaceuticals) and sustained efforts to show that other drugs that activate orthosteric and allosteric sites on the CHRM1 can be useful in treating schizophrenia ([@CIT0006]).

One major limitation to currently available drugs used to treat schizophrenia is the high level of suboptimal responsiveness and even treatment resistance ([@CIT0029]; [@CIT0050]). The therapeutic benefit from drugs currently used to treat schizophrenia was thought to come from their ability to either antagonize ([@CIT0036]) or act as partial agonists ([@CIT0018]) at the dopamine D2-like receptors. Therefore, individuals who do not respond to such treatments are thought to have forms of schizophrenia in which abnormal dopaminergic function is not central to the pathophysiology of the disorder ([@CIT0028]). The notion that, in some individuals, the pathophysiology of schizophrenia can involve systems other than the dopaminergic system supports the argument that schizophrenia is a syndrome of disorders ([@CIT0026]) and it therefore follows that drug responsiveness could be restricted to specific subgroups within this broad syndrome. In addition, schizophrenia has been suggested to have a number of symptom domains and that responsiveness to drugs may be a function of the specific symptom domain being targeted ([@CIT0033]). Thus, given the importance of CHRM1 in cognition, it has been postulated that drugs that activate that receptor could be useful in alleviating the cognitive deficits associated with schizophrenia that have proven resistant to treatment with existing antipsychotic drugs ([@CIT0025]).

The notion that schizophrenia is a syndrome is important when considering the use of drugs that activate the CHRM1 potential to treat the disorder because it has been reported that there is a subgroup (\~25%) within the disorder, who have been termed muscarinic receptor deficit schizophrenia (MRDS) ([@CIT0045]), that can be separated because they have a marked loss of \[^3^H\]pirenzepine binding (approximately 75%) to CHRM1 in Brodmann's cortical area (BA) 9. This initial finding has now been expanded to show participants with MRDS have a widespread loss of CHRM1 in other areas of the cortex (BA 6, 10, 24, 44, and 46) ([@CIT0020]; [@CIT0049]) as well as the striatum ([@CIT0016]). It appears the loss of CHRM1 in the cortex may be due to a marked decrease in pyramidal cells in laminae III and V expressing CHRM1 ([@CIT0048]), which was detected as a decrease in levels of cortical CHRM1 gene expression ([@CIT0047]). Most recently, it has been reported that compared with controls and participants with schizophrenia who have not lost cortical CHRM1 (non-MRDS), there are changes in gene expression in BA 9 that are unique to MRDS ([@CIT0047]) consistent with some differences the molecular pathophysiology being present in the subgroup. Moreover, when considering drug responsiveness, it is significant that CHRM1 G-protein recruitment in response to an orthosteric agonist has been shown to be altered in tissue from participants with MRDS but not MRDS ([@CIT0043]), possibly indicating participants with MRDS would not respond optimally to CHRM1 orthosteric agonists. By contrast, CHRM1 G-protein recruitment in response to an allosteric agonist did not differ in participants with MRDS, suggesting they may respond optimally to drugs that target such sites on the receptor.

Currently it would appear that the amino acid sequence of the orthosteric binding site across all CHRMs has been subject to conservation with evolution, and hence it has not been possible to develop drugs targeting the orthosteric site on each of the 5 CHRMs ([@CIT0021]). By contrast, it would appear that the amino acid sequence of at least 1 of the allosteric sites on each CHRM is unique to its receptor, meaning it has been possible to develop drugs that specifically target each human CHRMs ([@CIT0006]). One such drug, benzyl quinolone carboxylic acid (BQCA), is a positive allosteric modulator that specifically targets CHRM1 with the potency of BQCA-modulation being measurable by its ability to increase the ability of acetylcholine to displace \[^3^H\]*N*-methylscopolamine (\[^3^H\]NMS) from CHRM1 ([@CIT0032]). Significantly, BQCA-mediated acetylcholine displacement of \[^3^H\]NMS has been reported to be lower in participants with MRDS compared with that in non-MRDS and controls ([@CIT0013]), suggesting that participants with MRDS may not respond optimally to treatments based on positive allosteric modulation.

The study of BQCA-mediated acetylcholine displacement of \[^3^H\]NMS in schizophrenia was based on the use of membrane homogenate ([@CIT0013]). This has limitations when studying complex regions in the CNS, such as the hippocampus, because it is difficult to dissect small regions and prepare membranes from those regions for study. This limitation can be overcome using in situ radioligand binding with autoradiography as this uses tissue slices to give quantitative data within discrete anatomical regions within tissue such as the hippocampus ([@CIT0030]). Here we report a novel methodology that uses in situ radioligand binding with autoradiography to measure BQCA-mediated acetylcholine displacement of \[^3^H\]NMS binding in the human cortex (BA 6), hippocampus, and striatum and the outcome of using this methodology comparing this measurement in tissue from participants with MRDS, non-MRDS, and controls.

Methods {#s2}
=======

Ethical Considerations {#s3}
----------------------

For all tissue used in this study, the collection of human CNS tissue postmortem was approved by the Ethics Committee of the Victorian Institute of Forensic Medicine. CNS tissue was only collected after gaining written consent from the nearest next-of-kin.

Materials {#s4}
---------

\[^3^H\]NMS (specific activity 84.1 Ci/mmol; Lot\# 1885805) and Ultima Gold scintillation cocktail were obtained from Perkin Elmer. BQCA was synthesized at Vanderbilt University as previously described ([@CIT0052]). 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, acetylcholine chloride, dimethyl sulfoxide, MgCl~2~, NaCl, and polyethylenimine were obtained from Sigma-Aldrich.

BQCA-Mediated Binding: General Methodology {#s5}
------------------------------------------

To measure BQCA-mediated acetylcholine displacement of \[^3^H\]NMS binding (BQCA-mediated binding) using in situ radioligand binding and autoradiography, frozen sections (20 µm) were prepared from BA 6 using a cryostat (CryoCut 1800; Leica) and thaw mounted on gelatinized slides. For comparison with the membrane binding methodology ([@CIT0013]), tissue homogenates were prepared from the same blocks of cortical tissue used to prepare frozen tissue sections as described previously ([@CIT0013]). Tissue sections and membrane-enriched homogenate preparations were stored at −80°C until required.

For method optimization and studies on schizophrenia, all aspects of BQCA-mediated binding were measured in triplicate using the same assay buffer \[20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 100 mM NaCl, 10 mM MgCl~2~, pH 7.4\]. When using homogenates, the binding of the radioligand was terminated by filtering the reaction mixture through a Whatman GF/B filter soaked in polyethylenimine (0.1%) and washing the filters 3 times with 5 mL of ice-cold normal saline. The washed filter paper was then added to 5 mL Ultima Gold scintillation cocktail and the radioactivity retained on the filter paper measured using a TriCarb 2910 TR scintillation counter (PerkinElmer).

For in situ radioligand binding with autoradiography, reactions were stopped by submerging the frozen sections twice (3 minutes) in ice-cold assay buffer followed by a brief submerging (approximately 10 seconds) in ice-cold deionized water. Tissue sections were then partially fixed overnight in paraformaldehyde vapor and apposed to a BAS-TR2025 phospho-imaging plate (Fujifilm) with \[^3^H\]microscales (Amersham Biosciences) until an image of measurable intensity developed (7 days). Subsequently, BAS-TR2025 plates were scanned in a BAS 5000 high-resolution phosphoimager (Fujifilm), and binding intensity was determined as DPM/mg estimated wet weight tissue equivalents by comparing image intensity to a standard curve fitted to \[^3^H\]microscales using AIS imaging software (Imaging Research). Results from both autoradiography and membrane-enriched homogenate experiments were converted from DPM to femtomoles (fmol) based on the radioactive decay and specific activity of \[^3^H\]NMS (in this study: 84.1 Ci/mmol).

BQCA-Mediated Binding: Methodological Optimization {#s6}
--------------------------------------------------

For in situ radioligand binding and autoradiography, it was necessary to use a single concentration of \[^3^H\]NMS, acetylcholine, and BQCA to measure BQCA-mediated binding ([@CIT0014]). Routinely, it is proposed that the concentration of radioligand used in such studies should be approximately 3× dissociation constant (K~D~) for membrane binding ([@CIT0042]) as this saturates available binding sites and allows a good estimate of the number of binding sites when using single-point saturation analyses. Thus, having previously shown the K~D~ for \[^3^H\]NMS in human cortex to be 0.13 nM ([@CIT0013]), we used 0.4 nM \[^3^H\]NMS for all in situ radioligand binding experiments.

Having established the concentration of \[^3^H\]NMS to be used for in situ radioligand binding, we then measured the ability of acetylcholine (0 to 10^--2^ M) to displace \[^3^H\]NMS (0.4 nM) to BA 6 tissue sections from 3 participants with no history of psychiatric disorders. The lowest concentration of acetylcholine that consistently displaced \[^3^H\]NMS binding was 1 mM with nonspecific binding occurring in the presence of 10 nM acetylcholine ([Figure 1A](#F1){ref-type="fig"}). Given BQCA increases the ability of acetylcholine to decrease \[^3^H\]NMS binding, we used the concentration of acetylcholine that first produced a reproducible decrease in \[^3^H\]NMS binding (1 mM) in ongoing experiments.

![Method optimization utilizing tissue from Brodmann's area (BA) 6. (A) The binding of \[^3^H\]NMS (0.4 nM) (mean ± SEM) to frozen sections from 3 cases in the presence of increasing concentrations of acetylcholine. (B) The binding of \[^3^H\]NMS (0.4 nM) (mean ±SEM) to frozen sections from 3 cases in the presence of a standard concentration of acetylcholine and in the absence or presence of 3 µM benzyl quinolone carboxylic acid (BQCA). Example autoradiographs are included for each binding condition. (C) BQCA-mediated binding (mean ± SEM) measured as the difference between \[^3^H\]n-methyl scopolamine (\[^3^H\]NMS: 0.4 nM) binding to particulate membrane from 5 cases in the presence of a standard dose of acetylcholine (1 nM) and in the presence or absence of 3µM BQCA.](pyz045f0001){#F1}

Using particulate membrane, we showed that BQCA (3 µM) most robustly and reproducibly increase in the ability of acetylcholine to displace \[^3^H\]NMS binding. Hence, using tissue sections from the same individuals, we measured BQCA (3 µM)-mediated acetylcholine displacement (1 and 10 mM) of \[^3^H\]NMS (0.4 nM) with the premise that BQCA could not further increase the displacement of \[^3^H\]NMS when acetylcholine had displaced all of the radioligand. As expected, in the presence of 1 mM acetylcholine, 3 µM causes a highly significant 43% reduction in \[^3^H\]NMS binding ([Figure 1B](#F1){ref-type="fig"}). Surprisingly, in the presence of 10 mM acetylcholine, 3 µM reduced the binding of \[^3^H\]NMS by 68%, but because of very low radioligand binding there was more variability in results and therefore the reduction was less significant. Hence, to maximize the reproducibility of measuring BQCA-mediated binding, future experiments using frozen sections were carried out using 1 mM acetylcholine and 3 µM BQCA.

To determine if BQCA-mediated binding to frozen sections was a quantitative measure, the ability of BQCA (3 µM) to modulate the displacement of \[^3^H\]NMS (0.4 nM) at a standardized dose of acetylcholine (1 nM) from a tissue homogenate (in triplicated) prepared from BA 6 from 5 participants with no history of psychiatric disorders at a range of protein concentrations (0.01--0.10 mg/mL protein) was measured. There were strong correlations between BQCA-mediated binding and protein concertation (r^2^ from 0.95 to 0.99; *P* from \<.0001 to .0002 for tissue from each of the 5 samples) ([Figure 1C](#F1){ref-type="fig"}). Given the specificity of BQCA for CHRM1 ([@CIT0032]), these strong relationships would suggest that under the standardized conditions used, BQCA-mediated binding gives some indication of the availability of CHRM1.

BQCA-Mediated Binding: Studies in Schizophrenia {#s7}
-----------------------------------------------

### Tissue Collection {#s8}

For the study of BQCA-mediated binding in schizophrenia, CNS was collected from donors with a likely history of psychiatric illness and donors with no obvious history of such illnesses. Subsequently, a case-history review was completed using Diagnostic Instrument for Brain Studies ([@CIT0024]) with information collected using this structured approach allowing a diagnosis to be made by consensus using DSMIV criteria ([@CIT0041]). Demographic and treatment information as well as CNS collection and processing related data were also collected. Subsequently, tissue was provided for this study from the hippocampal formation, striatum (caudate and putamen), and BA 6 (the anterior part of the paracentral lobule and the adjacent superior gyrus, the dorsal bank of the callosomarginal sulcus minus its posterior third, and the bases of superior and middle frontal gyrus and pre-central gyrus not included in BA 4).

### \[^3^H\]NMS Binding and BQCA-Mediated Binding {#s9}

\[^3^H\]NMS is a pan-muscarinic receptor antagonist ([@CIT0037]) and therefore the specific binding of that radioligand gives an indication as to the total density of CHRMs. Hence, based on our methodological optimization experiments, the binding of \[^3^H\]NMS (0.4 nM: 3 sections), minus the binding of the radioligand in the presence of acetylcholine (10 mM: 3 sections), to frozen tissue sections from BA 6, the hippocampus, and striatum was taken as a measure of specific binding of the radioligand to all available CHRMs.

BQCA-mediated binding was taken as the binding of \[^3^H\]NMS (0.4 nM) in the presence of acetylcholine (1 mM: 3 sections) and absence of BQCA minus the binding of the radioligand in the same condition in the presence of BQCA (3 µM: 3 sections).

Statistical Analysis {#s10}
--------------------

All statistical analysis was performed using GraphPad Prism 8 (GraphPad). Two group analyses were performed using unpaired, 2-tailed *t* test. Three group analyses were conducted using ordinary 1-way ANOVA and where statistically significant variance was observed, post-hoc comparisons were made between either MRDS or non-MRDS and controls with results adjusted using Dunnett's correction for multiple comparisons. Frequency analysis was performed using χ ^2^ test (3 groups) or Fischer's exact test (2 groups). Relationships between the demographic, CNS patient-related data and radioligand binding measures were identified using linear regression. A correlation was considered absent if r^2^ \< 0.25, "weak" if 0.25 \< r^2^ \> 0.5, "moderate" if 0.5 \< r^2^ \> 0.75, and "strong" if r^2^ \> 0.75 ([@CIT0053]). Due to the sample size of this study, only strong correlations would be considered as indicating potential covariance requiring further analysis ([@CIT0007]), in which case such covariates would be included in a secondary analysis using ANCOVA.

RESULTS {#s11}
=======

Demographics {#s12}
------------

Tissue was obtained from 40 participants with schizophrenia consisting of 20 MRDS and 20 non-MRDS and 20 controls. There were no significant differences in age, PMI, CNS pH, or the proportionality of gender when comparing schizophrenia, MRDS, non-MRDS, and controls ([Table 1](#T1){ref-type="table"}). For MRDS and non-MRDS there was no significant differences in DOI, frequency of suicide completion, or treatment with antipsychotic or anticholinergic drugs. Neither levels of specific binding of \[^3^H\]NMS binding nor BQCA-mediated binding varied significantly in any region with gender or suicide completion ([supplementary Table 1](#sup2){ref-type="supplementary-material"}).

###### 

Demographic, Treatment, and CNS Collection Data Relating to the CNS Tissue Studied

                  Sex       Age              PMI                               Suicide   DOI        FRADD
  --------------- --------- ---------------- ---------------- ---------------- --------- ---------- -----------
  Controls        16/4      47 ± 3.6         43 ± 3.6         6.40 ± 0.04                           
  Schizophrenia   31/9      48 ± 2.6         42 ± 2.2         6.30 ± 0.03      14/26     20 ± 2.4   426 ± 69
  *P*             \>.9999   .84              .81              .06                                   
                                                                                                    
  MRDS            15/5      46.2 ± 3.7       39.7 ± 2.8       6.28 ± 0.03      7/13      19 ± 3.4   513 ± 106
  Non-MRDS        16/4      49.4 ± 3.8       44.9 ± 3.4       6.32 ± 0.05      7/13      20 ± 3.5   338 ± 86
                            F~2,57~ = 0.21   F~2,57~ = 0.66   F~2,57~ = 2.07                        
  *P*             .91       .97              .52              .14              \>.9999   .93        .21

Abbreviations: Cpz, chlorpromazine equivalent dose; DOI, duration of illness; F, female; FRADD, final recorded antipsychotic drug dose; M, male; MRDS, muscarinic receptor deficit schizophrenia; non-MRDS, schizophrenia other than MRDS; PMI, postmortem interval; Sui, completed suicide.

Values are mean ± SEM or ratio.

Distribution of \[^3^H\]NMS binding and BQCA-mediated binding in BA 6, striatum, and hippocampus {#s13}
------------------------------------------------------------------------------------------------

\[^3^H\]NMS specific binding ([supplementary Figure 1A](#sup1){ref-type="supplementary-material"}) and BQCA-mediated binding ([supplementary Figure 1B](#sup1){ref-type="supplementary-material"}) were homogeneous across the cortical laminae in BA6; \[^3^H\]NMS binding was not significantly above nonspecific binding in white matter. No significant variation in the specific binding of \[^3^H\]NMS ([supplementary Figure 1C](#sup1){ref-type="supplementary-material"}) or BQCA-mediated binding ([supplementary Figure 1D](#sup1){ref-type="supplementary-material"}) could be detected across the caudate or putamen. Therefore, a single integrated measure of \[^3^H\]NMS binding and BQCA-mediated binding were taken across the cortical layers in BA 6 and the striatum.

Levels of specific \[^3^H\]NMS ([supplementary Figure 1E](#sup1){ref-type="supplementary-material"}) and BQCA-mediated binding ([supplementary Figure 1F](#sup1){ref-type="supplementary-material"}) varied across the hippocampus. In the dentate gyrus, there were 2 distinct layers with the layer with the higher binding density overlaying the molecular and granular layers and the layer with the lower binding density overlaying the polymorphic layer. \[^3^H\]NMS and BQCA-mediated binding was homogeneous throughout the cornu ammonis (CA) 3 field, but CA2 and CA1 showed higher intensity binding in a band overlaying the alveus layer through to the pyramidal layer and a lower intensity band overlaying the lacunosum moleculare and stratum radiatum. The subiculum also showed 2 layers of binding intensity with the layer of higher intensity overlaying the polymorphic and pyramidal layers and the lower intensity layer overlaying the molecular layer.

\[^3^H\]NMS binding in schizophrenia, MRDS, non-MRDS, and controls {#s14}
------------------------------------------------------------------

The specific binding of \[^3^H\]NMS was lower in BA 6 from participants with schizophrenia compared with controls (t~57~ = 3.35, *P* = .001; [Figure 2A](#F2){ref-type="fig"}). After dividing participants with schizophrenia into MRDS and non-MRDS, there was significant variation in specific \[^3^H\]NMS binding with diagnoses (F~2,56~ = 26.1, *P* \< .0001). Post-hoc analysis showed the variation in specific \[^3^H\]NMS binding was due to lower levels of binding in BA 6 from participants with MRDS (*P* = .0001), but not non-MRDS (*P* = .65), compared with controls.

![The specific binding of \[^3^H\]n-methyl scopolamine (\[^3^H\]NMS; A and B) and benzyl quinolone carboxylic acid (BQCA)-mediated \[^3^H\]NMS binding (C and D) in Brodmann's area 6 (A and C) and the striatum (B and D) from participants with schizophrenia, sex-matched controls, muscarinic receptor deficit schizophrenia (MRDS) and participants with schizophrenia and no marked deficits in cortical muscarinic receptors (non-MRDS). Mean and SEM shown for each measure. ETE, estimated tissue equivalents.](pyz045f0002){#F2}

In the striatum, there were lower levels of specific \[^3^H\]NMS binding in schizophrenia compared with controls (t~58~ = 2.97, *P* = .004; [Figure 2C](#F2){ref-type="fig"}). On dividing participants with schizophrenia into MRDS and non-MRDS, there was significant variation in specific \[^3^H\]NMS binding (F~2,57~ = 12.2, *P* \< .0001) with diagnosis. The variation in specific \[^3^H\]NMS binding was due to significantly lower levels of binding in striatum from participants with MRDS (*P* = .0001), but not non-MRDS (*P* = .51), compared with control participants.

Compared with controls, specific \[^3^H\]NMS binding was lower in all subfields of the hippocampus from participants with schizophrenia ([Figure 3](#F3){ref-type="fig"}). After dividing participants with schizophrenia into MRDS and non-MRDS, there was a significant variation in specific \[^3^H\]NMS binding with diagnoses in all hippocampal subfields. Post-hoc analysis showed this variation in specific \[^3^H\]NMS binding was due to lower levels of radioligand binding in all subfields of the hippocampus from participants with MRDS, but not non-MRDS ([Figure 3](#F3){ref-type="fig"}).

![The specific binding of \[^3^H\]n-methyl scopolamine (\[^3^H\]NMS) to the hippocampus of participants with schizophrenia, controls, muscarinic receptor deficit schizophrenia (MRDS) and participants with schizophrenia and no marked deficits in cortical muscarinic receptors (non-MRDS). Mean and SEM shown for each measure. CA, cornu ammonis; a-p, alveus to pyramidal layers; lm/r, lacunosum moleculare and stratum radiatum; M/G DG, molecular and granular layers of the dentate gyrus; ML, molecular layer; Poly DG, polymorphic layer of the dentate gyrus; p/p, polymorphic and pyramidal layers.](pyz045f0003){#F3}

BQCA-Modulated Binding in Schizophrenia, MRDS, non-MRDS, and Controls {#s15}
---------------------------------------------------------------------

BQCA-modulated binding was lower in BA 6 from participants with schizophrenia compared with controls (t~57~ = 3.50; *P* = .0009; [Figure 2B](#F2){ref-type="fig"}). On dividing participants with schizophrenia into MRDS and non-MRDS, there was significant variation in BQCA-modulated binding with diagnosis (F~2,56~ = 19.4, *P* \< .0001). Post-hoc analysis showed this variation was due to lower levels of specific \[^3^H\]NMS binding in BA 6 from participants with MRDS (*P* = .0001), but not non-MRDS (*P* = .36), compared with controls.

BQCA-modulated binding was lower in the striatum from participants with schizophrenia compared with controls (t~58~ = 2.44, *P* = .02; [Figure 2D](#F2){ref-type="fig"}). After dividing participants with schizophrenia into MRDS and non-MRDS, BQCA-modulated binding varied significantly with diagnoses (F~2,57~ = 8.2, *P* = .0008). The variation in BQCA-modulated binding was due to significantly lower levels of binding in MRDS (*P* = .0007), but not non-MRDS (*P* = .69).

BQCA-modulated \[^3^H\]NMS binding was lower in the molecular and granular layer of the dentate gyrus, the alveus to pyramidal layers cornu ammonis 1 and the polymorphic and pyramidal layer, as well as the molecular layer of the subiculum from participants with schizophrenia ([Figure 4](#F4){ref-type="fig"}). When comparing BQCA-modulated binding across MRDS, non-MRDS, and controls, there was significant variation in binding with diagnoses in all hippocampal subfields. Post-hoc analysis showed the variation in BQCA-modulated binding was due to lower levels of binding and modulation in all the subfields of the hippocampus from participants with MRDS, but not non-MRDS ([Figure 4](#F4){ref-type="fig"}).

![Benzyl quinolone carboxylic acid (BQCA)-mediated binding to the hippocampus from participants with schizophrenia, controls, muscarinic receptor deficit schizophrenia (MRDS) and participants with schizophrenia and no marked deficits in cortical muscarinic receptors (non-MRDS). Mean and SEM shown for each measure. a-p, alveus to pyramidal layers; CA, cornu ammonis; lm/r, lacunosum moleculare and stratum radiatum; M/G DG, molecular and granular layers of the dentate gyrus; ML, molecular layer; Poly DG, polymorphic layer of the dentate gyrus; p/p, polymorphic and pyramidal layers.](pyz045f0004){#F4}

Potential Confounds {#s16}
-------------------

The linear regression line describing the relationship between pH and PMI and the specific \[^3^H\]NMS binding in the molecular layer of the subiculum deviated significantly from the horizontal ([supplementary Table 2A](#sup3){ref-type="supplementary-material"}). However, the strength of these relationship were so low, neither pH nor PMI could be considered as a confounding factor when analyzing the specific \[^3^H\]NMS binding in the molecular layer of the subiculum in cohort sizes used in this study. There were no other significant relationships between radioligand binding measures and demographic, CNS collection, or schizophrenia-specific data ([supplementary Table 2A--B](#sup3){ref-type="supplementary-material"}).

Discussion {#s17}
==========

Here we report the outcomes from the development of a new methodology that allows the measurement of the ability of a positive allosteric modulator to affect the binding of acetylcholine to the CHRM1. Using this methodology, we have shown that a decreased response to the actions of BQCA, a CHRM1-positive allosteric modulator ([@CIT0032]), is not only detectable in the cortex from participants with MRDS ([@CIT0013]) but is present in the striatum and a number of subfields in the hippocampus from participants with MRDS. This finding may be of clinical significance if drugs that modulate the allosteric site on the CHRM1 ([@CIT0006]) enter clinical trials, as participants with MRDS may not be fully responsive to such treatments. However, such a conclusion must be tempered by the suggestion that there is a large reserve of CHRM1s ([@CIT0038]; [@CIT0046]) and that occupancy of 15% of total available receptors by an orthosteric agonist can facilitate a full response ([@CIT0038]). These data raise the possibility that even with decreased responsiveness in vitro, participants with MRDS may achieve significant clinical benefit from treatment with drugs targeting the allosteric site on the CHRM1.

This study also shows that the distribution of specific \[^3^H\]NMS binding in the striatum and hippocampus mirrors the distribution of \[^3^H\]pirenzepine binding ([@CIT0044]; [@CIT0016]) and that the lower levels of \[^3^H\]NMS binding in BA 6, striatum, and hippocampus from participants with schizophrenia are due to a marked loss of binding to tissue from participants with MRDS. Notably, our previous study using homogenate membrane preparations did not show lower levels of \[3H\]NMS binding in MRDS ([@CIT0013]). The difference in findings in our 2 studies may relate to the use of 2 different methodologies as our recent immunohistochemistry study reported that a significant number of CHRM1 appeared not to be localized to the cell membrane ([@CIT0048]). Thus, our current data from the use of frozen sections measured \[^3^H\]NMS binding to membrane bound and non-membrane-bound CHRM1, whereas our previous study would only have measured membrane-bound receptors. If our new data is due to a loss of both membrane and non-membrane-bound CHRM1s, this is significant as it has been suggested that the 2 pools of receptors use different signaling systems ([@CIT0002]). Using membranes, we reported that the K~D~ for \[^3^H\]NMS binding was higher in schizophrenia ([@CIT0013]), which raises the possibility that the 0.4 nM \[^3^H\]NMS used in this study was not saturating all available receptors. This could result in a low estimate of CHRM1 density ([@CIT0014]). However, while the higher K~D~ in our previous study was statistically significant in participants with schizophrenia, it was not of a magnitude that was likely to affect a single-point saturation analysis methodology. Notably, we previously observed a similar discrepancy between studies estimating the density of the serotonin 2A receptor (HTR2A) using autoradiography and particulate membrane ([@CIT0011]; [@CIT0012]). In studying this phenomena, we showed that that a low-molecular weight component of the cytosol, which would be washed away during membrane-enrichment, was reducing the availability of HTR2A binding sites in tissue homogenates and frozen sections ([@CIT0010]). Therefore, a similar phenomenon may be causing the discrepancy between measures of specific \[^3^H\]NMS binding between our 2 studies. It has been proposed that there are endogenous ligands for the allosteric binding sites on CHRM1s ([@CIT0027]), and it is therefore possible such a ligand could be the cause of differences in measuring \[^3^H\]NMS binding to membranes and tissue sections and/or tissue homogenates because they would be lost when preparing membranes.

Previously, based on gene expression studies, we argue the lower \[^3^H\]pirenzepine binding in the hippocampus from participants with schizophrenia was due to lower levels of muscarinic M4, not M1, receptors ([@CIT0044]). This hypothesis appeared to be supported by the finding that CHRM1+ neurons were not decreased in the hippocampus from participants with schizophrenia ([@CIT0048]). However, as the effects of BQCA are specific to the CHRM1 ([@CIT0032]), our new data would suggest there are lower levels of CHRM1s in a number of regions of the hippocampus from participants with MRDS. This is an important finding as hippocampal CHRM1s are known to affect *N*-methyl-[d]{.smallcaps}-aspartate receptor currents ([@CIT0034]), are present in hippocampal memory circuits ([@CIT0031]), and are important in hippocampal-dependent cognitive flexibility ([@CIT0054]). Therefore, a loss of CHRM1s could have a profound effect on hippocampal function in participants with MRDS.

As with the hippocampus, we found lower BQCA-modulated binding in the striatum from participants with MRDS, but not non-MRDS, mirroring our \[^3^H\]pirenzepine finding in the same participants ([@CIT0015]). These data support our original proposition that there are fewer CHRM1 in the striatum from participants with CHRM1 ([@CIT0009]) but now suggest this decrease was due to participants with MRDS, some of whom were included in our earlier study. In the striatum, the CHRM1 modulates dopamine release ([@CIT0055]), enhances *N*-methyl-[d]{.smallcaps}-aspartate responsiveness ([@CIT0004]), and facilitates motivation ([@CIT0022]) and so the marked loss of striatal CHRM1s would affect striatal function in participants with MRDS.

There are limitations to our study. As with all studies using tissue from participants with schizophrenia who have been treated, drug treatment before death could be a confounding factor. However, case history reviews suggest that participants with MRDS and non-MRDS have had similar antipsychotic drug treatments. Thus, as lower levels of specific \[^3^H\]NMS binding and BQCA modulated binding only occurs in MRDS, this would argue such changes are not simply due to the MRDS group being treated with antipsychotic drugs. This argument is strengthened by the absence of any relationship between the final recorded antipsychotic medications and either specific \[^3^H\]NMS binding or BQCA-modulated binding and the observation that the frequency of treatment with relatively standardized doses of anticholinergic drugs does not differ between MRDS and non-MRDS. Finally, we have shown that treating rats with a number of antipsychotic drugs does not alter \[^3^H\]pirenzepine binding, suggesting such treatments to not affect levels of CHRM1.

In conclusion, this study strengthens the argument that there is a subgroup of participants with schizophrenia, the MRDS, that have a generalized loss of CHRM1 in many CNS regions ([@CIT0020]). While we have shown a reduced response to BQCA in participants with MRDS, the fact the CHRM1 remains responsive to allosteric modulation and has a large receptor reserve would favor participants with MRDS showing a full or partial response to drugs targeting the CHRM1 allosteric site. This is important because it is argued such drugs will be a new treatment for schizophrenia ([@CIT0006]). However, the use of either SPECT ([@CIT0039]; [@CIT0003]) or PET would be advisable to determine if participants with a marked loss of CHRM1s and schizophrenia had been recruited into drug trials of CHRM1 allosteric modulators to treat the disorder.
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